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Abstract

The kinetics of the reactions FOp + NO — Products (11) and }¥O» + NO5 —> Products
(12) have been studied as functions of temperature at 1 Torr total pressure using a discharge-flow
mass spectrometric technique. The measured rate coefficients, expressed in Arrhenius form, are
k11 = (7.5 + 0.5) x 10™exp[(-688 = 145)/T] cm3 molccule-1s-! for 190 K <1<298 K and
k1= (3.8 + 0,8) x 10-] Texp[(-2042 + 56)/'1] cm3molecule-!s'for 260 K <T <315 K, The
observed tempcrature dependencies of the rate coeflicients indicate that the reactions occur
primarily by simple bimolecular, rather than termolecular, mechanisms. Mass spectral product
studies arc consistent with bimolecular processes involving I atom extraction from FO,. Upper
limits for the rate coefficients of ¥Oy + O3 -»> Products ( 13), ¥O, +CH4— Products (14), and
FOy + CoHg — Products (15) have also been determined with the same experimental system at
room temperature: k33<3 x 10°5 cm3 molecule-l s', kj4< 2 x10'6cm3 molecule-] s,
and k7 5<4 x 10-] “‘cm’molecule’ S. As part of the FO, + O3 study, an investigation of the
reaction ¥O + 03> F0p+ 02 (6) was conducted. An upper limit of k5<1 x 10'4 cm3
molecule=1 s] has been obtained for the ¥O reaction, The implications of these results for

fluorine oxide chemistry in the atmosphere are discussed.




introduction

The presence of fluorine containing compounds (e.g. 1 1I'and COl‘y) in the Earth’s
atmosphere is thought to be due solely to the decomposition of man-made chemicals such as
chlorofluorocarbons (CFCs) and hydrofluorocarbons (HI Cs).! The effect on atmospheric ozone
of reactive fluorine-containing intermediates produced during CFC and HFC decomposition has
attracted significant interest recently, although fai less than the analogous chlorine
intermediates.2:3  Recently, the possibility of a catalytic cycle involving CF30y has been
proposed.4 Based on kinetics studies of the relevant chain propagating and terminating reactions,
model calculations conclude that the impact of this cycle on ozone is insignificant. **Earlier,
Stolarski and Rundel® considered the effect of F atoms on ozone and concluded that the catalytic

efficiency of a cycle involving F and FO,

F4 03 > FO+ 0, (1)
FO+ O —>F+4 0y (2
nct 0+03—-220 ©)

was less than 10-4 that of the corresponding chlorine cycle, due primarily to the rapid ¥ atom
termination by RY 1 species,?

FA4RII - HF +R (4)
where R = 011, CHj, H etc., and the HF product is a stable fluorine reservoir.

Subsequent to the Stolarski and Rundel calculation, several laboratory investigations have

shown that I’ atomsreact at an appreciable rate with molecular oxygen to form ¥0O,. 10-12

F-102+M ¢>FOo4 M (5,-5)
In addition, the FO5 product has been found to be relatively stable thermally, Based on the
experimental kinetics anti thermochemical parameters for reactionsSand -S, one estimates that
the reaction of atomic fluorine with molecular oxygen is over two orders of magnitude faster than
any other atmospheric fluorine atom removal p1ocess and that the equilibrium ratio of [FO2] to

[F] in the stratosphere is greater than 104.



Recognition of the potential atmospheric presence of 1O, has led to suggestions of
atmospheric ozone depletion cycles involving 1702.13,“One such cycle involves the reactions of

FO and FO5 with 03.

FO + 03-5FOy + Oy (6)
FOq + O35 FO + 20'2 (7)
net 03140330, (s)

The impact of this cycle on ozone will depend upon the kinetics of reactions 6 and 7 relative to
the removal rates of 'O and FO» radicals by other atmospheric species such as NO, NO,, and
hydrocarbons, In the current study we have investigated the kinetics and product yields of FOp
reactions with 03, NO, NOj, CHy, and CoHg using the discharge-flow mass spectrometric
technique. We have also examined the kinetics of the reaction of }¥O with O3. In this report wc
present the results of these studies and discuss the implications of these results for stratospheric
ozone. We also compare our results with those of Sehc.steel etal.’5 that were obtained using
pulse radiolysis/UV absorption spectroscopy and that were reported during the course of our

investigation .

Experimental

The experimental apparatus used for kinetics studies of reactions involving FO5 is shown
in Figure 1. The reactor consisted of a 60-cm-long, 2.54 -cm-0. d Pyrex tube coated with
halocarbon wax to reduce FO2 wall loss. The reactor temperature was varied between 190 and
31s K by circulation of cooled methanol or heated ethylene glycol through an outer Pyrex jacket,
The temperatures of the circulating fluids were measured by a thermocouple located in the liquid
reservoir and controlled to a precision of +2 K by use of athermostat ted heat exchanger. A steady
state gas flow (total pressure, of 1 torr) was established in the reactor by connection to a 50 cfin
mechanical pump (Welch 1398). llelium was used as the main bufler gas and was admitted
through sidearm located upstream of the reactor. The1esulting reactor flow velocities ranged

between 900 and 4000 cm s1; the corresponding gaseous residence t imes within the reactor were
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between 65 and 15 ms. A liquid nitrogen trap was placed downstream of the reactor in order to
protect the vacuum pump from corrosive reactants ancl reaction products.

Mass spectrometric detection of reactants and products was carried out by continuous
sampling at the downstream end of the flow tube through athi ec-stage beam inlet system. The
mass spectrometer (Extrel Model C50) consisted of an electron-impact ionizer, a quadruple
mass filter, and a channeltron. Beam modulation was accomplished with a 200 Hz tuning fork
type chopper placed inside the second stage of the mass spectrometer. lon signals from the
channeltron were sent to a lock-in amplifier that was referenced to the chopper frequency. The
amplified analog signals were converted to digital form (Analog Devices RT1/8 15) and recorded
on a microcomputer.

Excess reagents were added into the reactor through a 120 cm-long, 0.63 cm-o.d. sliding
Pyrex injector tube that was concentric with the reactor tube. The sliding injector was also coated
with halocarbon wax on the outside, Contact times between the excess reagents and the limiting
reagent (typically FO5) were varied by movement of the injector,

10y was generated by reaction of atomic fluorine ([IF] < 10” molecule e¢m=3) with
molecular oxygen (5 x 10] *molecule cm=3 <[05])

F405+M-5>FOy +M (5)

inside a 40-cm-long, 2-cm-0. d Pyrex tube located upstream of the main reactor. Since the
formation of ¥O» involves a three body process, the FO, "pre-reactor” was separated from the
main reactor by a pinhole in order to establish a He pressure difference between the two sections
of approximately 100 torr. Conversion of ¥ to FO» was aso enhanced by cooling the pre-reactor
to 260 K at which temperature the equilibrium [IFO2)/[}] ratio was estimated to be greater than
20. Temperature control of the pre-reactor was accomplished in the same fashion as for the main
reactor, however, the two temperature control systems were independent of one another,

The mass spectral signal from FO2 was observed at both m/e: 51 (FOo1) and m/e = 35
(FO1). The relative intensities of the fragments were largely independent of electron impact

energy except at the lowest energics (< 30 €V) where the FO»™ fragment was substantially more




intense than the FO1 fragment (see Table 1). Consequently, operation at the lowest possible
impact energies provided a suitable means to detect FO, and FO radicals simultaneously.

The assignment of the ion mass peaks to FO» was checked by reacting isotonically
labelled molecular oxygen, i.e. 3602 instead of 320,, with atomic fluorine. The resulting mass
spectral signals were observed at m/e=55 and 37 with approximately the same intensities, for a
given F atom concentration, as those obtained from the normal isotope Formation of fluorine
peroxide, ¥2O», in the pre-reactor by reaction of]; atoms with FOp

F4+FOy+M—F004 M 9)

ko=1. Ix] 0" cm’molecule’s’’’
is one possible source of mass spectral interference that was not addressed by the isotopic
substitution experiment. However, the use of large [02] to [F] ratios in the pre-reactor was
expected to minimize this interference. In support of this prediction we found that ten-fold
variations in the 02 concentration had little effect on the observed fragment ion intensity ratios.

Absolute concentration calibrations of mass spectral signals were required for control of
the experimental conditions and for extraction of reliable kinetic parameters from temporal
profiles of reactants and/or products. In this study, NO2 (m/c= 46), NO (m/e- 30), and Clly4
(m/e= 16) signals were calibrated by comparison with measured flows of these species. FO» was
calibrated by chemical titration of known amounts of atomic fluorine by molecular oxygen. ¥
atom concentrations were determined by reaction with excess Cl4 and subsegquent monitoring of
the change in the CH4 signal. Calibration of O3 was also achieved by a chemical conversion
method; in this case the O3 was stoichiometrically converied to NO2 by reaction with excess NO.
Detection limit for the molecules and radicals of interest were found to range between1xl 0°and
3x109 molecule cm”. For some of the slow reactions studied in this work, excess reactant
concentrations were obtained by measuring pressure increases inside the reactor upon addition of
the reactants.

The gases used in this work were obtained mainly from Matheson: He, 99.99%; 0,
99.98%; NO, 99%; N02, 99.5%; CHy, 99.97%; and Collg, 99.96%. | sotopically labeled oxygen

*02 was obtained with 98% purity from Cambrige Isotope 1 laboratories. F2 (5% in He) was
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obtained from Spectra Gases Inc. NO was further purified by passage through an Ascarite trap.
The presence of trace NO impurities in the NO2 samples was recognized as a significant
complication to the kinetics studies of FO, with NO2. We employed two schemes to purify the
NO2 samples: 1) multiple low temperature(195 K) distillations to remove the volatile NO, and 2)
addition of 02 to the sample in order to convert the NO impurity into NO2. Consistent results
were obtained using samples derived from either purification method. Ozone was produced in an
ac discharge (Welsbach Model T-408) of 02 and stor ed on silica gel at 195 K. During the
experiments, O3 was maintained at 195 K and bubbled into the reactor with a measured flow of
He, After passage through the reactor ozone was heated to approximately 900 K in a 50-cm-long
guartz tube which was wrapped with nichrome wire and located upstream of the liquid nitrogen
trap. Only small amounts of undecomposed O3 survived the heated region and were collected in
the liquid nitrogen trap; the collected samples were removed to a ventilation hood along with the

ligquid nitrogen dewar at the end ofexperirnents.

Results

Kinetics measurements were accomplished by monitoring the decay of FO2 in the
presence of excess reactants as a function of contact time. For most of the reactions FO2 was
introduced into the reactor through a fixed side arm and the excess reagents were added through
the dliding injector. In the NO and NO2 cases, several measurements were performed by adding
FO» through the sliding injector. Using the low-pressure limiting rate constant for reaction S and
the equilibrium constant at room temperature, 'O the lifetime of FO2 in our flow tube was
estimated to be greater than 1 second, which is substantially longer than the FO, residence timein
the flow tube. This was consistent with the fact that FO» signal levels were largely unaffected by
the change in flow path, indicating that O, disproportionation and wall loss were essentially
negligible on the time scales of the steady state flow apparatus.

The method required to obtain kinetics rate parameters from measured concentration
decays in a steady state flow tube apparatus is well known.] ¢-18 ¥ollowing this method, first-

order decay rates, k', were determined from slopes of plots of the logarithm of FO, signa vs.
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injector distance and the measured flow velocities. The observed decays were corrected for axial
diffusion and for loss of FO2 on the injector according to eq (1),

K=K (11K DA2) 1k, ()
where D is the diffusion coefficient, V*is the mean bulk flow velocity, and kp isthefirst order loss
of FO2 on the outside surface of the diding injector. 1 ‘or experiments where FO2 was added
through the sliding injector, the observed decay were corrected for both axial and radial diffusion

effects according to eq (I 1),
k! =-(%))(§2nfsn/§nn) (11)
,

where r is the reactor radius, and B, are k-dependent diffusion cocflicients.'7 The diffusion
coefficient for ¥O, was estimated using the empirical equation developed by Fuller et al. 19 The
estimated D value varied from 0.24 atm cm? s1 at 190K to 0.60 atm cm2 s1 at 31 SK,
Corrections for axia diffusion were always less than 1%, and losses of FO2 on the injector and
reactor surface were always measured to be less than 1 s1.

‘I”he bimolecular rate constants, %, were obtained from slopes of linear least-square fits to
the plots of k! vs. reactant concentration. Reaction activation energies and A-factors for reactions
of FOy with NO and NO2 were determined from slopes and intercepts of plots of the natural

logarithm of k vs. reciprocal temperature.

Reaction of 1'0; with NO.

Typical room temperature decays of IO, in the presence of NO are shown in Figure 2.
Initial FO» concentrations ranged between 5x1011 and 3x1 012 Cm-3; NO concentrations were
varied bet ween 2x10] 2 and1.6x1014 cm=3. Observed first order decay rates of FO,, plotted
against NO concentration in Figure 3, varied fi om apptoximatcly1to 130 s1. At slow flow
velocities (< 1000 cm s1) and for NO concentrations greater than approximately 1 x 1014
molecule cm-3, it was necessary to correct the observed ¥0, decays for the effects of the reaction

between NO and F20-22



F2 + NO - F + FNO (lo)

k10=1.2x1 014 cm’moleculel s1 22
Under the latter conditions, reaction (1 O) served as asmall, yet significant, source of FO, (dueto
F+- 02). The corrections for this effect, as determined from computer simulations, were less than
10%. After correction of these data, the resulting room temperature rate coefficient was
determined to be (8.5+1.3) x 10-13 cm’molecule1 s1, where the quoted uncertainty is at the
95% confidence limit.

The temperature dependence of the rate coeflicient was determined over the temperature
range 190 to 298 K. FO» decay rates at various temperatures are shown in Figure 3. The set of
experimentally determined rate coefficients is shown inTable 1 and Figure 4. The direct or
“positive” dependence of the rate constant on temperature suggests that the reaction proceeds by
a bimolecular rather than termolecular mechanism.23,24 Fitting the data to a simple Arrhenius
expression yields,

k11=('7,5*5)x10-1 2exp(-688+145/T) cm3molecule” s
The apparent lack of atermolecular reaction channel, i.e.
FO2 + NO+ M —FOoNO + M - (ha),
as suggested by the positive dependence of the reaction rate coefficient on temperature, was
further supported by our failure to detect FO,NO™ (m/e = 81) or NO3* (m/e = 62). Assuming
that the detection threshold for YOoNO at either of the ion peaks is comparable to that of
HONO>, we place an upper limit of 0.10 on the branching ratiok 1147k 1.

Among possible bimolecular reaction channels only the pathway involving F atom
abstraction from F02,

FO2 -t NO -» FNO + 02 (11b),
isexothermic, and therefore likely to occur. The O atom abstraction pathway,

FO, + NO -+ FO +NO, (11c)
is endothermic by approximately 6 kcal mole’. We confirmed the minor role of reaction channel
11 c through observations of the NO2 product. For these experiments we employed isotonically

labeled F360, and detected the resulting N160 1807 (m/c=48) following titration of the F360,
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with NO. The use of labeled reactant was designed to allow differentiation of NO, produced
from the reaction from that contained as an impurity in the NO sample. In all trials the amount of
labeled NO, observed was less than 3°A of the initial FO» concentration. Accordingly, the
branching ratio for reaction 11 c, kyj¢/k11, is <0.03. Based on the branching ratio results for
channels 11a and 11 ¢ we conclude that the branching ratio for 11 b is nearly unity. However, wc
were unable to confirm this conclusion experimentally since the ¥NO™ (m/e= 49) product was
strongly fragmented in the ionizing region and its fragments, ¥*and NO™, were masked by the

mass spectral features of the reactants.

Reaction of Oy with NO>

Decays of FO, in the presence of NO2 were readily observable, athough much smaller
than in the NO case (see Figure 5). First-order decay rates of FO2 werc obtained as a function of
NO2 concentration at several temperatures. (see Yigure 6) The NO2 concentrations, as measured
either by a calibrated flow meter or by monitoring the piessure increase upon addition of NO2,

were corrected for dimerization using,

[NO:] o = - e ()

where[ NO:J... is the corrected NO2 concentration, [NO.],, is the measured NO,concentration,
and K¢ is the equilibrium constant for dimerization. The expressions for K¢ was obtained from
the evaluation of DeMore et al. 25 In the temperature range of 260-315 K the NO2 concentration
correction was less than z0. The relatively large amounts of NO2 gas required for these
experiments were obtained directly from a liquid NO2 sample, Onc difficulty with this method
was the maintenance of a steady gaseous NO2 flow rate due to variations in the gas/liquid steady
state. ‘I"his difficulty manifested itself as a somewhat larger uncertaint y in the determination of the

NO2 gas phase concentration.
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The experimentally derived bimolecular rate constants for reaction 12 are listed in Table 2

and displayed as a function of temperature in Figure 7. A fit of the rate coeflicient data to an

Arrhenius expression yields
k12=(3.8+.8)x10-1lexp(-2042:+56/T) cm’molecule’l s1

Analogous to the NO reaction (reaction 11), the observed positive temperature dependence of the
NO2 reaction suggests the occurrence of a bimolecular (1eaction 12a), rather than a termolecular
mechanism (reaction 12b).

¥Oy 4+ NO2 — FNO, + 02 (12a)

FO2 4 NO2 + M ¢<>FO2NOy +- M (12b,-12b)
No experimental verification of the bimolecular reaction mechanism could be obtained, however,
since the FNO» " (m/e = 65) ion is highly fragmented in our apparatus and the resulting fragment
ions are masked by reactant-related ions. The observed absence of FOoNO,* (m/e = 97) is
consistent with the lack of a termolecular channel, but one can not rule out the possibility that

FO2NO02 adduct is either weakly bound or strongly fragmented upon electron impact at 30 eV.

Reaction of 'Oy with 03, CW4, and CyHyg.

The reactions
FO2 + O3 -> products (13)
FOp + CHyg — products (14)
and kO, +CoHg— products (15)

were also studied in this work. No significant FO2 decay (k' < 1s1) was observed for 03, CH,,
and Collg concentrations of <5 x 1014 molecule cm?, < 5 x 10 molecule cm®, and < 3 x
1015 molecule cm-3, respectively, and for reaction times up to 70 ms. In addition, we did not
observe any of the expected products such as FO(m/e=35), OH(in/e= 16), and HF(m/e=20).
Based on these observations the derived upper limits for the bimolecular rate constants are k73 <
3x10'5 cm’molecule-l S-I, k14 < 2x10%*cem3 molecule’s1, and k5 < 4x1 0-16 cm3

molecule’s1.
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For the ozone reaction we considered the possibility of FO, regeneration by the secondary

reaction of FO with 03, i.e.

FOp + 03 — FO + 20, (7)
FO+ 03 — FOy + Oy (6)
net 03 +- 03 - 309 (8)

The occurrence of the FO reaction could lead to ¥O5 steady state formation and catalytic ozone
destruction. 1f a steady state were established the condition would be described by

[FO2]ss/[¥Olss = k6[O31/k7[03] = kg/k7 (1v)
or

[FO21s¢/[YO2]o = ko/(kgtk7) (v)
where FO3]gs and [FO]s are the steady state concentr ations and [FFO»],, is the concentration
prior to reaction. As demonstrated by the above expressions, the steady state concentrations will
not depend on the 03 concentration. The absence of both anobservable 'Oy decay and an
appreciable ¥O production in the presence of 03 can be rationalized in terms of the above
mechanism only if kg>>k7. In order to check for this possibility we inverted the initial condition of
the reaction system by producing FO, rather than FO2, using the reaction of atomic fluorine with
excess 03. A rapid reaction between F() and 03 would result in depletion of the FO and
production of ¥O5,. However, no appreciable decay of FO was observed and only a small increase
in FO2 was detected. In addition, the concentration of 03 was found unchanged. These
observations confirm that the reaction of FO2 with 03 does not occur to any significant extent in
our system. Based on our data we derive an upper limit of k< Ix] 015 cm3 moleculel s1 for

the reaction of FO with O3.

Discussion
Reaction rate constants obtained in this study are listed in Table 2 aong with room
temperature values of several FO, and FO reactions reported recently by Schested et al. 15 The

upper limits obtained in this study for the reactions of FO and FOy with 03 and FO» with CHy
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are entirely consistent with those obtained by Sehested et al. In the Case of the FO2 + CHy
reaction the upper limit value obtained in the present work represents a factor of five lowering of
the previous limit obtained by Sehested et al.

The room temperature values of k1] and k 12 obtained by Sehested et al. are
approximately 75% and 150% higher, respectively, than those obtained in the present work. The
discrepancy between the values of k17 may be attributable to the presence of NO impurity in the
NO2 sample employed by Sehested et a. As mentioned above we discovered substantial
contamination of our NO2 samples by NO. The purity of the NO, sample used by Sehested et al.
is reported by the vendor to be >98%, however, therma and or heterogeneous decomposition of
the NO2 during storage may result in increased amounts of NO. Based on our measured ratio of
ki1to k1 2, an NO impurity level of 3'% is sufficient to increase the apparent rate constant of
reaction 12 by a factor of 2.5. We have found in our investigation that the level of NO impurity in
arelatively old sample of NO2 can approach 3%.

The measurements of Sehested et a. were carried out at substantially higher pressures ( 1

18 bar) than those used in the present work (0.001 bar). Accordingly, the rate constants
measured by Sehested et al. might be compatible with our lower values if they include increased
contributions from termolecular reaction channels. In the case of the NO2 reaction, Sehested et al.
found k7 2 to be invariant over the experiment al pressure range, This implies that reaction 12
either follows a purely bimolecular reaction path at al pressures or that the termolecular
component is at its high pressure limit for pressures above 1 bar. The kinetics parameters
associated with a potential termolecular channel are, as constrained by the low and high pressure
observations, kp<3 x 10-31 emO molecule2 S?and k.,< 1.05 x 10-13 ecm3 moleculel s1, In
order to assess the plausibility of the low pressure limit we estimated the third-order rate constant

for reaction 12b using Tree's approximate method,20-28
SC — 2SC
kiee ™ K diss K eq (w)

and
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P(Ep)RT :
k?l?ss =7Z1] “*‘Q%ib--— exp(-Eo/ RT)FE Fanh Fret Yeorr (w)

where k Ei?ss is the strong collision dissociation rate constant in the low-pressure second-order
region, 71 j the Lennard-Jones collision frequency, P(1:0) the density of states at the critical
energy Eo,FE»Fanh, Fret are the correction terms for the energy dependence of the density of
states, anharmonicit y, and rotation, F__is the correction term (usually set to be 1) to account
for coupling between the different types of degrees of fieedom,Q;, is the vibrational partition
function, k3¢ . is the association rate constant, and K e is the equilibi ium constant. Many of the
required parameters for ¥0,NO» were estimated from HO,NO527
HO2 + NO2, &  HO;NO, (16, -16)

For instance, Q,ib was computed using all of the known HO,NO> vibrational frequencies except
for those corresponding to H-O stretching motions. The latter vibrational frequencies were
replaced by estimates of the analogous F-O stretches. 71,j was evauated using the same
Lennard-Jones well depth and collision diameter as that of HO;NO7; and Keq Was estimated
using the FO,NO» entropy calculated by assuming a similar structure to that of HO2NO2. Using
the HO2NO2 binding energy of 22 kcal mol-’, the calculated value of k ?gc at 300 K for reaction
12b is 4.7x10-32 cm6 molecule-2 s‘]; a value that is consistent with the experimental constraint
discussed above. The implied high pressure limit, however, is substantially lower than other
analogous termolecular reactions of small radicals. 1 or example, the high pressure limit for
110,NO, formation (reaction 16) is 4.7x10-12 cm3 molecule-! S, Accordingly, we believe that
the discrepancy between k4 2 values measured by us and by Sehested et al. cannot be rationalized
in terms of the combined effects of a bimolecular and ter molecular channel. Further exploration of
the possibility of a termolecular channel requires data at pressure ranges between 1and 760 torr.

The present results allow us to compare the 1 eactivity of 'O» with other peroxy and
peroxy-like species such as HO2 and 03. As shown in Table 3, t he reactivity of FO,lies between
those of HO, and 03 in the case of NO, but is significantly greater than both HO2 and O, with

respect to NO2. Furthermore, when reacting with NO or 03,110, acts like an oxygen donor
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while ¥O, appears to act as a fluorine donor. This latter behavior may arise from the bonding
characters of these radicals. Figure 8 shows the highest occupied molecular orbital (HOMO) of
both HO» and FO2 radicals in 2A” ground state, as computed using GAUSSIAN 92 with HO2
and FO» geometries optimized at QCISD(T)/6-311 G(d,p) and QCISI)(T)/6-31 G* levels of
theory .3] For HOp, the ab initio calculations predict that the interaction between the 3Py
orbitals on the oxygen atoms is antibonding while the interaction between the 2S orbital of
hydrogen and the 3Py orbital of oxygen is bonding. For FO2, the interactions between the 3P,
orbitals on the oxygen atoms and the 3P, orbitals on the fluorine and oxygen atoms are both
antibonding. The antibonding character of the F and O atom interaction significantly weakens the
F-O bond in FO2 relative to the H-O bond in HO,, and provides a rationale for the propensity of

reactions involving FO5 to occur by F atom abstraction.

A tmospheric Implications.
The earlier calculation of Stolarski and Rundel snowed that because the [F1/[¥y]([Fx] =

[F] +[FO]+[HF]) ratio in the atmosphere is small the rate of ozone destruction per molecule of
fluorine isinsignificant even when the rate limiting step in aF-catalyzed removal cycleisfast (i.e.
kr1 =5 x 10-11 cm’molecule’l s1). The potential significance of a catalytic cycle involving
FO2 derives from the fact that the atmospheric [FO,)/[Fy]ratio is nearly four orders of
magnitude larger than the [F)/[F,] ratio. The kinetics results obtained in previous work 15 and
confirmed here reveal slow processes for destruction of ozone by both }O7 and FO. Sehested et
al. 15 have derived analytical expressions for the chain lengths for ozone destruction from FO»,
and FO catalytic cycles. These calculations indicated that, on a per atom basis, fluorineis103- 104
times less eflicient at ozone destruction than the chlorinate. The smaller rate constant values for
O, + NO and NO2 obtained here compared with the Sehested et al. study do not significantly
alter this conclusion but will change the partitioning of active fluorine 1adicals in favor of FO5 to a
small extent. Furthermore, if the reactions

FOy + X0 -5 FO+ X+ 0y (17)

FO 4+ Xo - FOp + X (18)




net 2X0 —2X+ 0y (19)
(where X=11, Cl, Br) are fast, fluorine species may serve to accelerate ozone removal cycles

involving HOy, CIO,, and BrOy. Kinetics studies are needed on reactions 17 and 18 to assess

this latter possibility
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Table 1. Observed mass spectral intensities of FO».

~@+-/~0+-  51/35 45 23 20 19 20 21 21 20

a. Emission current was 3.0 mA.
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Table 2. Summary of rate coefficients and rate parameters for reactions of ¥O, with NO, N02,
03, CH4, and CoHg, and reaction of FO with O3.

Reaction T kx 1013 A, E/R
(K) (cm3 molecule-l s-1) (ecm3 molecule-! s1) (K)

FO2+ NO — products 298  8.5%1.3(175)3 (7.545)x10-12 688+145
270  5.2¢1.8(25)
240  4.11.6(26)
220 3.241.5(25)
190,  2.1+1.3(33
298D 14 740 8
FO, + NO2 — products 315 .52+.10(16) (3.8%.8)x10-11 2042456
298 .42*,08( 18)
273 24+.05(14)
260 13+ 10(34)
298b 1.05+.15

FOB + 03 — products 298  <3x10-2
298b <3.4x10-3

FO -4-—.03 —;“E)roducté ------ 298<01 -------
298b <12

298c < 2x1 0-3

FO2 + CH4 — products 298 <2x10°3
298b < 4.1x10-2

FO, +CpHg— products 298  <4x1()-3

a. Number of experimental measurements are given in parenthesis.
b. Ref. 15.
c. Vaue inferred from the work of Bedzhanyan et al. (ref 32)
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Table 3. Comparison of rate coefficients (cm’moleculel s1) for some reactions involving X02 at room

temperature.

HO, FO2b 03
NO 8.6x 10-12a 8.5 x10-13 1.8x 10" a
NO02 5x10-15a 4.2x 10" 3.2x 10"
03 2 x 10-152 <3x10°15 .
CHy 7.1x10-27¢ <2x 10-16 <1.2x1021d
CoHg 5.4 x 10-24¢ < 4,10-16
a. Ref. 25.
b. Thiswork.
c. Ref. 29.
d. Ref. 30.
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Figure Captions:

Figure 1. Schematic of the discharge-flow mass spectrometer apparatus for kinetics study of FO,
reactions.

Fi g%re 2. FO2 decay in the presence of NO at 298 K. Numbers arc NO concentrations (1 013 molecule
cm™).

Figure 3. First-order decay rates, 4, of FO2 as function of [N02] at 298 K (O),270 K (®),240 K (),
220 K (W), and 190 K (V).

Figure 4. Temperature dependence of k14

Fi g%re 5. FO, decay in the presence of NO2 at 298 K. Numbers are NO2 concentrations (1 014 molecule
cm™),

Figure 6. First-order decay rates, 4, of FO2 as function of [N02] at315 K (), 298 K (0), 273 K (®
), and 260 K (V).

Figure 7. Temperature dependence of ky5.
Figure 8. Highest occupied molecular orbital (}1OMO) of HO2 and FO, at 2A” ground state,
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